[1] In this study, the spatial relationships between the monthly mean sea level pressure (MSLP) anomalies and Indian summer monsoon rainfall (ISMR) have been examined using the gridded MSLP data (GMSLP2) for 46 years (1949 -1994). Winter MSLP anomalies over NW Europe (south Europe) are negatively (positively) correlated with ISMR. During the strong (deficient) monsoon years, there is enhanced (weakened) poleward pressure gradient over Eurasia. The Europe pressure gradient index, which is an indicator of the winter poleward pressure gradient, is significantly and positively correlated with ISMR. This relationship also suggests a link between the North Atlantic Oscillation and ISMR on inter-annual time scale. The winter pressure gradient over Eurasia has physical linkage with Indian summer monsoon rainfall, through winter snow cover anomalies and springtime mid latitude activities like upper tropospheric blocking highs and stationary wave anomalies.
Introduction
[2] The inter-annul variability of Indian summer monsoon rainfall occasionally leads to large scale droughts and floods over major parts of the country, resulting in a serious reduction in agricultural output and affecting the national economy. The interannual variability of Indian summer monsoon rainfall (ISMR) is attributed to slowly varying boundary conditions like sea surface temperatures, snow cover etc. However, many predictors used for long-range forecasting of ISMR anomalies are known to exhibit significant secular variations [Parthasarathy et al., 1991; Hastenrath and Greischer, 1993] . Some recent studies [Krishna Kumar et al., 1999; Chang et al., 2001] have also reported the weakening of the ENSO-monsoon relationship and the possible causes.
[3] Raman and Maliekal [1985] , Rajeevan et al. [1998] , Bamzai and Shukla [1999] , and Chang et al. [2001] have suggested the role of the winter surface climate anomalies over Eurasia on interannual variability of ISMR. Raman and Maliekal [1985] have found significant precursor signals in winter emerging over Eurasia, which persist during the subsequent months. However, detailed spatial analysis of the relationships between Eurasian surface pressure anomalies and ISMR and the physical linkage has not been attempted so far. There is a good scope for such an analysis in view of the recent findings of Chang et al. [2001] and Bamzai and Shukla [1999] highlighting the role of Atlantic and Eurasia circulation anomalies on Indian monsoon. The present study is therefore designed to examine the spatial pattern of relationship of surface pressure anomalies over Eurasia and to derive a suitable index for long-range forecasting of ISMR anomalies. For this purpose, a well calibrated complete global MSLP data of 46 years (1949 -1994) with a spatial resolution of 5°Â 5°have been used.
Data and Methods
[4] For this study, the globally complete mean sea level pressure data (GMSLP2) [Basnett and Parker, 1997] for the period 1949 -1994 at a spatial resolution of 5°Â 5°have been used. This data set contains in situ marine and land station MSLP observations, blended with several gridded analysis data sets to create globally complete fields. In addition, the NCEP/NCAR monthly reanalysis data [Kalnay et al., 1996] of MSLP, geopotential height and wind data for the period 1958 -1998 also have been used. The analysis of surface pressure anomalies has been mainly carried out with the GMSLP data. However, NCEP/ NCAR MSLP data have been used to extend the analysis from 1995 to 1998. The monthly Northern Hemisphere snow cover data on a 2°Â 2°grid have been derived from NOAA/NESDIS satellites. The snow cover frequency data for the period February 1971 to 1999 have been used in this study. The snow cover data have been obtained from Dr. D. Robinson, Rutgers University. Indian summer monsoon (June -September) rainfall (ISMR) data have been taken from the IMD records. This time series has been prepared by using rainfall data for the period June -September, which includes rainfall data from the hilly regions. North Atlantic Oscillation (NAO) data have been obtained from the Climatic Research Unit, University of East Anglia. NAO index has been calculated as the difference of MSLP between Gibraltar and SW Iceland (Reykjavik).
Spatial Relationships
[5] Figure 1 shows the spatial pattern of correlation between MSLP anomalies during the month of January and ISMR anomalies calculated for the period 1949 -1994. The statistically significant (at 95% level) correlations are shaded. The spatial pattern shows significant negative correlations over NW Europe (north of 60°N) and significant positive correlations over south Europe/Mediterranean area. Negative correlations are observed throughout north Eurasia, but significant correlations are observed only over NW Europe. Thus, below (above) normal MSLP over NW Europe and above (below) normal MSLP over south Europe are linked to positive (negative) ISMR anomalies. This implies that strong Indian summer monsoon is associated with a stronger subtropical high and a stronger Arctic trough (low pressure) or an enhanced poleward pressure gradient over Eurasia. During the below normal monsoon years, this pressure gradient becomes weaker.
[6] The composite charts of January MSLP anomalies for the strong (ISMR departure >10%) and deficient (ISMR departure <À10%) monsoon years revealed that MSLP anomalies over NW Europe were significantly (at 95% level) lower by 6 -8 hPa during the strong monsoon years when compared to the deficient monsoon years. There is an enhanced poleward surface pressure gradient during the strong monsoon years. The excess and GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 10, 1454 , 10.1029 /2001GL014363, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2001GL014363 deficient composite patterns of geopotential height of 500 hPa for the month of January also have been examined using the NCEP/ NCAR data. The enhanced poleward gradient observed in the MSLP data was also reflected at 500 hPa level (not shown). Thus during the strong years, the enhanced poleward pressure gradient is not only confined at the surface but also almost through the troposphere.
[7] An index of poleward pressure gradient over Europe was derived for examining its utility as a predictor for the long-range forecasting of ISMR anomalies. The pressure gradient anomaly index was derived by subtracting the MSLP anomalies averaged over northwest Europe (60°N -80°N, 0°-40°E) from the anomalies averaged over southwest Europe (30°N -50°N, 0°-40°E). The derived pressure gradient anomaly index calculated as standardized anomaly and ISMR anomalies are shown in Figure 2a . The pressure gradient anomaly index was negative in many deficient years (1951, 1965, 1966, 1972, 1979, 1982 and 1987) , which implies that the normal poleward surface pressure gradient was weakened in these deficient monsoon years. It was positive (enhanced poleward surface pressure gradient) in many strong monsoon years (1975, 1983 and 1994) . The correlation between the pressure gradient anomaly index and ISMR for the 46-year period (1949 -1994 ) is 0.30, which is significant at 95% level. For the latest 30-year period (1965 -1994) the correlation is 0.42 which is significant at 98% level. It has been also found that the correlation between the pressure gradient index and ISMR exhibited significant secular variation like many other predictors. Figure 2b . shows the 21-year sliding correlations between the pressure gradient index and ISMR. It may be seen that the correlations became statistically significant only after mid 1970s. During the recent 20 -25 years, the correlation between the surface pressure gradient and ISMR is found to be stable and statistically significant. This index can be used as a predictor for long-range forecasting of ISMR anomalies.
[8] We have further observed that this pressure gradient index is in phase with the North Atlantic Oscillation (NAO) [Hurrell, 1995] . The correlation between the NAO index for the month of January and the pressure gradient index derived in this study for the 46-year period, 1949 -1994 is 0.83. The positive (negative) phase of NAO is associated with the positive (negative) pressure gradient index. However, the correlation between the NAO index and ISMR for the same period is only 0.16, which is statistically not significant. This is because the NAO index was derived from two station pressure data over the North Atlantic Ocean. However, significant signals are observed much to east over the Eurasian continent. Chang et al. [2001] have suggested the role of NAO on the recent decadal variation of ISMR. The present study however suggests that the effect of NAO on Indian summer monsoon is observed even on inter-annual time 
Physical Linkage
[9] The physical linkage between the observed winter surface pressure anomalies and ISMR has been explored further. A simple flow diagram of mechanisms linking the winter pressure anomalies over Europe and ISMR is shown in Figure 3 . We have seen that above normal monsoon years are associated with stronger poleward pressure gradient across Eurasia and strong mid-latitude zonal flow. On the other hand, when the pressure gradient becomes weakened, zonality is reversed and the mid-latitude flow becomes persistently meridional. The persistently strong meridional flow may lead to excess snowfall activity over NW Europe. Figure 4 shows the difference in snow cover frequency between the negative pressure gradient anomaly index years (1972, 1979, 1985 and 1987) and the positive pressure gradient anomaly index years (1975, 1983, 1989, 1990 and 1993) calculated using the gridded snow cover frequency data. It can be seen that the negative pressure gradient anomaly index years are associated with excess snow cover frequency over central Europe by 20 -25%. The signal is just the opposite over Scandinavia. The relationship between winter snow cover over Eurasia and ISMR is well established. Bamzai and Shukla [1999] found that western Eurasia is the only geographical region for which a significant inverse correlation exists between winter snow cover and ISMR. Thus, it appears, during the weaker pressure gradient years; excess winter storm activity produces excess snow cover over western Europe, which may influence ISMR through springtime surface temperature and soil moisture anomalies.
[10] The strong meridional circulation over Eurasia during the weak pressure gradient years may also produce upper tropospheric blocking highs over northern latitudes [Raman and Maliekal, 1985] . Association between the springtime upper tropospheric blocking highs over Eurasia and droughts over India is also established [Raman and Rao, 1981] . Figure 5 shows the 200 hPa composite height anomaly differences between the negative pressure gradient anomaly years (1963, 1966, 1969, 1970, 1972, 1979, 1985 and 1987) and positive gradient anomaly years (1975, 1983, 1989, 1990 and 1993) during the month of May. It can be seen that the weak pressure gradient conditions are associated with a blocking high over central Asia. The geopotential heights over central Asia during the weaker pressure gradient years were higher by 40 gpm. Strong stationary wave anomalies in the mid-latitudes are also observed with ridges over Atlantic Ocean and East Asia and a trough over NW India. Lower geopotential height over NW India during the negative pressure gradient anomaly years suggests weaker than normal sub-tropical high over this region.
[11] Occurrence of spring time stationary wave anomalies in the upper troposphere in association with ISMR anomalies has been addressed earlier by Yang et al. [1996] , Krishnan and Majumdar [1999] and Joseph and Srinivasan [1999] . Prior to strong (weak) monsoons the upper tropospheric signals generally manifest in the form of positive (negative) streamfunction anomalies associated with anomalous anticyclonic (cyclonic) flows. Krishnan and Majumdar [1999] and Yang et al. [1996] have suggested that the land surface hydrological processes in the Asian continent north of India can force these type of stationary wave anomalies. To examine this aspect, the correlation between the Europe pressure gradient anomaly index and meridional component of 200 hPa wind in May has been computed. The results are shown in Figure 6 . The significant correlations are shaded. Anomalous northerlies over Arabia and adjoining Arabian sea and anomalous southerlies over northern parts of India are associated with negative pressure gradient anomaly index. These anomalies suggest an anomalous cyclonic circulation over NW India and neighbourhood. These anomalies are similar to the anomalies of meridional winds observed during the deficient monsoon years [Joseph and Srinivasan, 1999] . This anomalous cyclonic circulation during the pre-monsoon season can adversely affect ISMR through anomalous dry westerly intrusions over India [Krishnamurti et al., 1989] .
Conclusions
[12] The present study has brought out the inter-annual relationships between the winter MSLP anomalies over the Eurasian continent and the Indian summer monsoon. These anomalies are associated with the phase and strength of the North Atlantic Oscillation. The phase and magnitude of the poleward directed pressure gradient cause significant winter snowfall anomalies over western Eurasia, which have an inverse relationship with ISMR. Similarly, weak poleward pressure gradient produces the springtime upper tropospheric blocking highs and stationary wave anomalies over central Asia, which in turn affect the Indian monsoon adversely. It may be mentioned that in the weak pressure gradient composites, there are only two El Nino years (1972 and 1987) and the remaining 6 years were non El Nino years. This study suggests that the winter pressure anomalies over Eurasia are also playing an important role in influencing the inter-annual variability of ISMR, in addition to the established teleconnections of sea surface temperature anomalies over the equatorial Pacific and Indian oceans.
